Emission spectra at 10 K employing synchrotron radiation have been recorded for the tripositive lanthanide ions, Ln = Sm, Gd, Tb, Ho, and Er situated at octahedral (or nearly octahedral) site symmetry in hexafluoroelpasolite Cs 2 NaMF 6 (M = Y, Sc, or Ga) lattices. 
a b s t r a c t
Emission spectra at 10 K employing synchrotron radiation have been recorded for the tripositive lanthanide ions, Ln = Sm, Gd, Tb, Ho, and Er situated at octahedral (or nearly octahedral) site symmetry in hexafluoroelpasolite Cs 2 NaMF 6 (M = Y, Sc, or Ga) lattices. Interconfigurational 5d ? 4f transitions are only observed for Er 3+ , and the intensity ratio of 4f 10 5d ? 4f 11 emission, compared with 4f 11 ? 4f 11 emission, with excitation into 5d levels, is greater for M = Ga than M = Sc. The highest energy intraconfigurational emission is from 
Introduction
The luminescence of lanthanide ions (Ln 3+ ) doped into fluoride hosts has attracted much attention in recent years due to the possible applications in mercury free fluorescent tubes, plasma display panels, vacuum ultraviolet (VUV) scintillators, or tunable ultraviolet (UV) solid-state laser materials. Fluoride crystal hosts possess greater thermal stability and relative inertness compared to other halide hosts, and lower synthesis temperatures and higher band gap energies compared to oxide hosts. The most popular fluoride crystal hosts that have been extensively investigated are MYF 4 (M = Li, Na) and MF 2 (M = Ca, Sr). In the former (M = Li), the Ln 3+ ions are situated at S 4 site symmetry, whereas in the alkali metal fluorides there are several available sites due to charge incompatibility. The hexafluoroelpasolite hosts offer the advantage of a unique site for Ln 3+ with octahedral symmetry. This leads to higher degeneracies of energy levels and stricter transition selection rules. The theoretical consequences of these are that fewer crystal field parameters are required to model the 4f N and 4f NÀ1 5d energy levels of Ln 3+ in these elpasolite hosts: one parameter for 5d and two parameters for 4f N . The spectral consequences are that whilst the
5d transitions are electric dipole allowed, the pure electronic 4f N ? 4f N transitions are forbidden by that mechanism, but some are magnetic dipole allowed. The sidebands of the intraconfigurational electronic transitions consist of single quanta of odd-parity vibrational modes [1] . Recently, we have investigated the VUV excitation spectra of several Ln 3+ doped into hexafluoroelpasolite lattices [2] . In the present study, the emission spectra of the tripositive ions of Sm, Gd, Tb, Ho, and Er excited by synchrotron radiation at $10 K are presented and detailed interpretations are provided where possible. There have been some previous 4f N -4f N emission results reported for hexafluoroelpasolite systems comprising Nd 3+ [3] , Eu 3+ [4] , Tb 3+ [5, 6] , Er 3+ [7] , Tm 3+ [8] , and Yb 3+ [9] , and experimental results and/or theoretical simulations of 4f N M 4f NÀ1 5d spectra were reported for Ce 3+ [10, 11] , Pr 3+ [12] , Nd 3+ [3] , Er 3+ [13] , and Tm 3+ [13, 14] . [4] . The crystallographic details for the host lattices are available [15] [16] [17] . All compounds have a cubic elpasolite-type structure and crystallize in the space group Fm3m, except for Cs 2 NaGaF 6 which has the rhombohedral 12L-type crystal structure and belongs to the space group R-3m. The (VI) ionic radii of Ga
3+
(620 pm) and Er 3+ (890 pm) differ considerably, whereas the radii of Y 3+ (900 pm) and Sc 3+ (870 pm) are similar to that of Er 3+ [18] .
The measurements were performed at the SUPERLUMI station [19] of HASYLAB at DESY, using synchrotron radiation from the DORIS storage ring for excitation in the spectral range 70-280 nm. Emission spectra in the spectral range 200-1000 nm were recorded using a 0.3 m Czerny-Turner monochromator-spectrograph SpectraPro-308i (Acton Research Inc.) with a liquid nitrogen cooled CCD detector (Princeton Instruments Inc.). The spectral resolution of $0.5 nm was achieved with the 300 grooves/mm grating using 0.05 mm slit width. Emission spectra in the spectral range around 300 nm were measured (for Gd 3+ doped samples) with higher spectral resolution ($0.2 nm) using the 1200 grooves/mm grating. Emission spectra were not corrected for the spectral response of the detection system. The possible presence of emission in VUV spectral range (for Gd 3+ doped crystals) was checked using a Pouey type monochromator equipped with a CsI sensitized microsphere plate detector. The crystals were cleaved prior to mounting onto the sample holder in a flow-type liquid helium cryostat. The crystallographic axes of the crystals when installed onto the sample holder were not oriented with respect to the polarization vector of exciting radiation. All measurements have been performed under ultrahigh-vacuum conditions.
Results and discussion
The following results present the VUV-excited emission spectra of the ions Sm , since there is an energy gap of $7100 cm À1 below this multiplet term [25] . Fig. 1 does not contribute hot bands to the spectrum at 10 K since even in Cs 2 NaSmCl 6 it is 344 cm À1 higher. The most intense bands correspond to magnetic dipole transitions, which are allowed to all terminal U i (i = 6, 7 ,8) levels and serve to confirm the symmetry of the luminescent level, since transitions are not entirely allowed for initial U 6 and U 7 levels. The terminal electronic levels are marked in the figure. The derived vibrational wavenumbers for vibronic structure are (in cm 
(c)
Luminescence Intensity (counts) Wavelength (nm) from absorption measurements and luminescence spectra under higher sensitivity. There is guide to the band assignments for Table 1 and compared with those for the analogous chloride [25] . For electric dipole allowed transitions, the emission from 4 G 5/2 is allowed by the rank-2 effective transition operator characterized by parameter X 2 to multiplets 6 H J (2J = 5, 7, 9) by the angular-momentum selection rule, and rank-4 and rank-6 operators to more multiplets. This is shown by the cases of LiYF 4 :Sm 3+ [23] and Sr 5 (PO 4 ) 3 F:Sm 3+ [24] , where the greatest intensity arises from X 2 in the electric dipole pure electronic transitions to 6 H 9/2 . In the present case, most intensity comes from magnetic dipole transitions so that DJ = 0, 1.
Gd

3+
The 4f 7 Blasse [26] . Upconverted emission has been reported from 6 G J in Cs 2 NaGdCl 6 at room temperature, but the assignments are not consistent [29] .
As was recently found [30, 31] The 219.5 nm excited emission spectrum of Cs 2 NaYF 6 :Tb 3+ between 370 nm and 720 nm is shown in Fig. 3a and b. The intraconfigurational 355 nm excited luminescence of Cs 2 NaTbF 6 at 10 K and 77 K at higher resolution than in Fig. 3 has previously been reported by Berry et al. [5, 6] and the assignment of magnetic dipole transitions enabled the elucidation of the 4f 8 energy level scheme.
The assignments were based upon the observation of sharp features, rather than the broader vibronic sidebands. Although there could be problems with this approach if sharp bands are present due to luminescence from defect sites, such features were mostly absent. Our assignments of the vibronic structure in Ref. [5] for the region from 376-658 nm (26, is at $265 nm [2] . Excitation into the spin-allowed transition at 219.5 nm (Fig. 3) . In Fig. 3 , the terminal multiplet terms are labeled, and the comparison with the spectrum of Berry et al. [5, 6] shows some differences, besides the absence of some hot bands herein. First, the emission from 5 D 3 is relatively more intense, with respect to that from 5 D 2 , in the present case. Therefore the transitions to shorter wavelengths than 400 nm appear more prominent herein. The starred band at $500 nm in Fig. 3a is absent in the spectrum of [5] was also recorded but not reported [7] . From the observed splitting of spectral features at 10 K in the 487 nm excited emission spectra in the Cs 2 NaGaF 6 host lattice, as compared with analogous single bands in the spectra of Cs 2 NaErF 6 , it was concluded [7] that Er 3+ is located at two different sites in Cs 2 NaGaF 6 . However, since the relevant spectral features involve emission from U 8 states, an alternative explanation for the splitting is that the 4-fold symmetry axis of ErF 6 3À is no longer present. The two-site explanation is consistent with crystallographic data, where two crystallographically inequivalent sites I and II were found for trivalent Ga. The band splittings are not resolved in the 77 K emission spectra of Cs 2 NaGa-F 6 :Er 3+ and since 487 nm excited emission spectra are generally similar to that of Cs 2 NaYF 6 :Er 3+ the sites are similar, and in fact only differ by the linkage of the GaF 6 moiety to NaF 6 octahedra. Fig. 5a and b shows the emission spectra of Cs 2 NaMF 6 :Er 3+ excited by a F 2 laser. There are some interesting differences between these spectra, and also with that of Cs 2 NaYF 6 :Er
. The inset of Fig. 5b shows that the highest energy emission of Cs 2 NaScF 6 :Er 3+ is relatively slow (i.e. the decay time is longer than the experimental limit of the setup, which is restricted by the repetition period 480 ns of synchrotron radiation pulses ). Spin-allowed 5d-4f emission is not observed. Fig. 5a differs from Fig. 5b in that the intraconfigurational emission is relatively stronger and is superimposed upon broader interconfigurational bands. This is noticeable from the peak at 282.7 nm (35370 cm À1 ) which is strong in (a), but weak in (b). The reason why the nonradiative relaxation from 5d to 4f levels is faster in (a) is not due to the concentration of Er 3+ , but is related to the lower (D 3d ) site symmetry of Er 3+ , although the centre of symmetry is retained. The 4f 11 luminescent state is 2 F(2) 7/2 , which is estimated to be at 54,500 ± 200 cm À1 from the terminal level locations in Fig. 5a and their tabulation in [7] . Note that luminescence from this multiplet term was not observed in Cs 2 NaErCl 6 under synchrotron radiation excitation because it lies above the band gap in the chloride host lattice [35] . The strongest intraconfigurational transition in Fig. 5a is the DJ = 2 transition to 2 H(2) 11/2 . Transitions from 2 F(2) 7/2 to some other multiplet terms are marked in the figure. The bands are not sufficiently well-resolved at wavelengths longer than 350 nm to provide unambiguous assignments. In the case of Cs 2 NaYF 6 :Er 3+ [13] , emission was indicated from 2 P 3/2 . This multiplet is located at 31367 cm À1 in Cs 2 NaErCl 6 [7] . Other possible luminescent multiplet terms are 
Conclusions
Except for the occurrence of sharp magnetic dipole transitions in the emission spectrum of Sm 3+ , the assignment of the intraconfigurational 4f N ? 4f N emission spectra of Cs 2 NaYF 6 :Ln 3+ herein is confined to assignments of multiplet-multiplet transitions. Since the highest phonon energy in these systems corresponds to the Ln-F symmetric stretching mode (460-480 cm À1 ) and an energy gap of 4-5 phonons is required below a luminescent state, then the separation must be >2000 cm ) was observed [36] . Upon excitation by synchrotron radiation, 5d-4f emission has been observed for Er 
